INTRODUCTION
The temporal pattern of vigilance throughout the 24 h cycle has been studied repeatedly in man by measuring the ability to fall asleep or to resist sleep. During the daytime, vigilance is marked by at least two ultradian rhythms [1] accounting for a late morning wake-maintenance zone and a mid-afternoon zone of high sleep propensity [2] . The human EEG has been associated with vigilance states [3] and changes in waking alertness [4] but contrary to sleep, its temporal dynamics has been barely studied during wakefulness.
Spontaneous¯uctuations in quantitative waking EEG have been reported, the power in various frequency bands varying according to homeostatic wake-dependent or circadian clock-dependent processes [5, 6] . In accordance with the conceptual framework of the two-process model of sleep regulation [7] , these ®ndings were limited to frequencies below 25 Hz. They also did not take into consideration possible ultradian in¯uences, whereas protocols allowing the assessment of rapid variations were conclusive for the existence of ultradian rhythms in various frequency bands of the waking EEG (reviewed in [8] ). Complex models of daytime vigilance based on either automatic [9] or principal component analysis [10] of the EEG have been proposed; however, EEG absolute power in narrow frequency bands may provide a better re¯ection of the physiological brain mechanisms underlying¯uctuation in daytime vigilance.
The aim of the present study was to characterize the endogenous ultradian dynamics of the wide spectrum EEG during daytime wakefulness, and to focus on the different spectral components of the waking EEG probably associated with¯uctuations in vigilance. For this purpose, a standardized gaze ®xation task repeated every 10 min throughout the daytime (09.00±18.00 h) was undertaken to quantify EEG activity at different scalp locations using 0.5 Hz absolute power bands in a spectral range extending from 1 to 44.5 Hz.
MATERIALS AND METHODS
Subjects: Twelve healthy young males (21±27 years of age) gave their informed written consent after the approval of the protocol by the local ethics committee. They reported stable sleep schedules and good sleep-wake quality and were selected after a medical examination. Two subjects with sleep ef®ciency (SE) , 80% (SE 100 3 TST/SPT; TST: total sleep time; SPT: sleep period time) during a control night under polysomnography (PSG) were subsequently excluded from the study.
Procedure: Experiments were performed in two soundproof air-conditioned individual rooms, electrophysiological signals being monitored in an adjacent room. Subjects arrived in the evening and spent two consecutive nights and days in the laboratory. They slept between 23.00 and 07.00 h, the ®rst night being used for habituation and the following for PSG monitoring. During the daytime, they remained awake and supine in dim light (, 100 lux) and were submitted to a series of short serial tasks from 09.00 to 15.00 h after the habituation night and from 09.00 to 18.00 h on the experimental day following the control night. Between tasks, subjects were free to read, listen to music, watch television or converse with the investigators. Standardized meals were taken at 07.00 h, 12.00 h and 19.00 h. At 16.00 h on the ®rst day an indwelling venous catheter was inserted under local cutaneous anaesthesia allowing continuous blood sampling for parallel neuroendocrine analyses which have been published elsewhere [11] .
Serial task: The serial task consisted of a target visual ®xation lasting 70 s and repeated every 10 min. The target was a spot ®xed on the wall at 2 min front of the subjects. Prior to the serial procedure, subjects were instructed to stay awake and to avoid movements and any particular mental or physical effort apart from ®xing the target. Subjects were informed verbally 30 s before the task started, then at the beginning and once again at the end. They were under close circuit video monitoring to control proper execution of the task. When a behavioural sign of drowsiness was suspected (eyelids lowering or eyes rolling), the instructions were repeated.
Electrophysiological recordings: Continuous PSG recording sessions were carried out during the second night and the two daytime periods. Silver±silver chloride electrodes, placed according to the 10/20 international system [12] , were ®xed with collodion 1 h before starting each recording session. The left frontal, central and parietal EEG derivations (F3, C3, P3, respectively) and the right central derivation (C4) were referenced to the controlateral mastoid apophyses (A2 and A1, respectively). One transverse electro-oculographic (EOG) and one chin electromyographic (EMG) derivations were used for steep monitoring and artefact detection. After high-pass (0.5 Hz) and lowpass (45 Hz) ®ltering, signals were recorded at a 256 Hz sampling rate using a 12 bit analog/digital converter. Rechtschaffen and Kales sleep staging [3] and quantitative serial EEG analyses were performed with the ERA software package (PhiTools, Grenoble, France). Artefacts (eye blinks, movements and electrode detachments) were detected through combining digital ®ltering and a background-dependent amplitude threshold and were subsequently inspected by an expert. The 2 s EEG epochs overlapping with artefacts did not exceed 25% of the total recordings and were discarded from further analysis. The ®rst 10 s epochs of each task were also discarded to allow for the subject's accommodation. Absolute power (ìV 2 ) spectra of the EEG derivations were computed between 1 and 44.5 Hz on the remaining 2 s epochs using a fast Fourier transform algorithm and were averaged over each task.
Statistical analysis: The individual EEG power spectral arrays obtained during the experimental session between 09.00 and 18.00 h were smoothed over using a 30 min moving average to remove temporal variations over the range of interest. The data were then normalised using the z-score transform (z-score ÷Àì/ó; where ÷ is the original data, ì the mean and ó the s.d. of the data) allowing the removal of individual effects. For each derivation, time of day effects in the 0.5 Hz frequency bins were tested with a series of one-way ANOVA for repeated measures. Post-hoc two-tailed z-tests were then computed every 10 min to detect signi®cant ( p , 0.05) variations from zero in each frequency bin. After linear detrending, periodicities in the 0.5 Hz frequency bin were assessed by a non-linear method [13] ®tting the auto-correlation function of the time series with a set of sine waves varying between 30 and 270 min. The resulting periodograms, expressed as percentages of accounted variance (PAV %), were determined by squaring the cross-correlation coef®cients between the auto-correlation functions and the sine waves. A ÷ 2 test of homogeneity was computed on the individual transformed PAV. If inter-subject homogeneity was found, individual PAV were averaged using Fisher z transform to yield an average estimate of the periodicity. Periodic oscillations were considered signi®cant when the average PAV exceeded the 5% con®dence level threshold. A distance-weighted least squares (DWLS) ®tting procedures [14] was used to break down EEG power spectral arrays into their different periodic components, the length of the smoothing window being adapted from the previously detected periodicities.
RESULTS
Daytime patterns: The waking EEG power spectrum of the F3, C3, P3 and C4 derivations exhibited signi®cant temporal variations in various frequency bands during the experimental daytime session. The EEG spectra of the C3 and the C4 derivations, which are not presented in details in this report, showed intermediate patterns between that of the F3 and P3 derivations. The average z-scored EEG power spectral arrays of the F3 and P3 derivations are illustrated in the top panel of Fig. 1 , which shows, using a colour code, signi®cant ( p , 0.05) temporal changes in various frequency bands.
The high beta±gamma (22.5±44.5 Hz) frequency band exhibited signi®cant increases from the zero level in the morning between 10.00 and 11.00 h at the F3 derivation and decreases in the mid-afternoon between 14.00±15.00 and 16.00±17.00 h at the F3, C3 and C4 derivations. At the P3 derivation there was no signi®cant change in the high frequency range.
The alpha (7.5±13. Ultradian rhythms: The average periodogram of the F3 and P3 derivations (Fig. 1, middle panel) revealed signi®-cant and homogeneous ultradian rhythms ( p , 0.05) with a maximal periodicity between 180 and 240 min for almost all frequency bins between 1 and 44.5 Hz. These periodicities accounted for the main part of variance with PAV ranging between 40 and 80%. Additional minor oscillations were found in the 70-120 min range for several frequency bins (3±4, 8±10, 13.5±15, 17±19.5, 20±21 and 30.5±32.5 Hz in the F3 derivation and 1±4.5, 10.5±11.5, 29.5±32 and 37± 44.5 Hz in the P3 derivation). Periodograms of the C3 and C4 derivations (not shown) exhibited quite similar results. According to the existence of 180±240 and 70±120 min ultradian rhythms, the EEG power spectral arrays were ®tted with a 150 min DWLS time window in order to remove temporal variations associated with faster ultradian periodicities. The resulting spectral arrays (Fig. 1 , bottom panel) depicted temporal patterns with increases and decreases in the different frequency bands occurring at similar times compared to the original spectral arrays. In particular, the mid-afternoon decrease in fronto-central high frequency EEG powers was even more signi®cant than in the original power spectra ( p-values not shown).
DISCUSSION
The most pronounced changes in the waking EEG during the daytime were located in the fronto-central frequencies over 22.5 Hz and parietal alpha activity and were strongly modulated by a 3±4 h ultradian periodicity. The high frequency EEG varied with higher powers in the late morning wake-maintenance zone and transient decreases in the mid-afternoon zone of high sleep tendency, in Daytime average temporal pro®les of the waking EEG spectra. Individual EEG spectral arrays were smoothed with a 30 min moving average window, normalised using the z-score transform and averaged over 10 subjects. Signi®cant temporal variations ( p , 0.05), i.e., differences from the zero level, are represented in colour, colours coding for z-scored power values. Middle panel: Average periodograms of the daytime waking EEG spectra. The percentage of accounted variance (PAV) for periodicities varying between 30 and 270 min were obtained by a nonlinear method for each individual EEG power spectral array. Individual periodograms were then averaged using Fisher z transform and tested for signi®cance and homogeneity. Signi®cant ( p , 0.05) and homogeneous ( p . 0.05) ultradian periodicities are represented in colour, colours coding for PAV (%). Bottom panel: Daytime average temporal pro®les of the slow ultradian components of the waking EEG spectra. The removal of the faster ultradian periodicities was obtained by ®tting the individual EEG spectral arrays with a distance-weighted least squares (DWLS) method. A 150 min DWLS time window was used because it corresponded to an average limit between the slow (180±240 min) and fast (70±120 min) ultradian rhythms in the daytime waking EEG spectra. The ®tted EEG spectral arrays were then transformed into z-scores and averaged over 10 subjects. Z-scored power values are colour-coded.
opposition to alpha activity peaking in the mid-afternoon. A spontaneous decrease in EEG high frequency activity may re¯ect a central cortical deactivation associated with lower levels of alertness. The concomitant mid-afternoon increase in alpha activity for subjects with the eyes open supports such an interpretation.
The EEG spectra observed in the present study did not reproduce the daytime biphasic patterns with mid-afternoon maximal power reported by Cacot et al. [15] for the beta (13±34.5 Hz) frequency range. The use of infrequent and irregular measures susceptible to mask abrupt and transient variations and the lack of control of activity and posture by these authors may explain such discrepancies. Furthermore, our data did not show the expected increase in beta (13.25±20 and 18±25 Hz, respectively) EEG activity related to wake duration reported under $40 h constant routine protocols [5, 6] . Such increasing trends are thought to re¯ect either an intrinsic effect of sleep deprivation or an increased effort to sustain wakefulness under a rising sleep pressure [16] . The daytime EEG observed in the present study, recorded after a night sleep, were probably poorly affected by homeostatic factors, although the subjects had to comply with the experimental settings.
In the low frequency range, EEG power increases have been described in the 12 Hz [15] and theta (4-8 Hz) [17] frequency bands at 14.00 and 12.00±13.30 h, respectively. In the present study, a slight increase in frontal 1±3 Hz and parietal alpha frequency bands occurred around 12.00 h. Such short-lasting changes may re¯ect lowered vigilance but also the acute effects of meal expectation, meal ingestion or small postual changes during mealtime. Later in the afternoon, an increase in the low frequency range was also found at the parietal location. As our protocol was designed to avoid drowsiness, slight increases in EEG low frequency activity may therefore occur during the waking phase at a time of decreased alertness.
Contrarily to sleep tendency, the intensity of the sleep EEG slow wave activity (0.5±4.5 Hz), on which the twoprocess model of sleep regulation is based, has been shown not to increase during mid-afternoon naps [18] . Broughton suggested that the mid-afternoon decrease in sleep latency might thus re¯ect a decrease in the activity of arousal systems rather than a recruitment of somnogenic systems [19] . Furthermore, changes in the degree of physiological arousal obtained by varying the rest±activity level are re¯ected in the daytime sleep latency [20] . Our results may thus favour the existence of endogenous arousal-related mechanisms re¯ected in the waking EEG high frequency activity. The actual knowledge about the wake-to-sleep transition indicates that EEG high frequency activity has to decrease before one can fall asleep, slow wave activity being less important in this regard [21] . Daytime sleep propensity may thus be enhanced in the mid-afternoon when the waking EEG high frequency activity decreases, as the expression of a permissive mechanism allowing for sleep to occur.
As demonstrated by Lavie for the physiological tendency for sleep [8] , the daytime waking EEG spectrum demonstrated a 3±4 h ultradian rhythm in a wide frequency range varying from 1 to 44.5 Hz. The use of standard tasks ®xing the attentional and behavioural demand at a constant level avoided any interference of such factors with the endogenous daytime course of the waking EEG. Since no other experimental manipulations were undertaken the ultradian variations observed in the present study should arise from endogenous in¯uence. A possible effect of noon meal on the daytime EEG cannot be discarded but it has little if no in¯uence upon the`postlunch' dip in alertness [22] . Probably, the midday meal may have exerted a phase-setting effect on endogenous ultradian rhythms, synchronizing each individual EEG activity thus contributing to time of day effects. As reviewed by Lavie [8] , previous descriptions in the waking EEG of either or both slow (180±240 min) and fast (90± 120 min) ultradian rhythms have been made for the delta (0.5±3 Hz), alpha (8±9 Hz) or wide-range (4±20 Hz) frequency bands. In the present bed rest protocol, ultradian rhythms of the fast periodicity range were limited to several narrow frequency bands and had a minor in¯uence on the temporal variations in EEG activity. The parallel observation of slow ultradian rhythms in sleep tendency and waking EEG high frequency activity during the daytime does not prove that these two parameters are related, as they cannot be measured simultaneously. However, the concordance in the timing of their respective peaks and troughs is suggestive of an association between the behavioural and EEG indices. Our results thus suggest that a slow ultradian rhythm in endogenous arousal, as re¯ected by the high frequency EEG activity, may underlie the daytime¯uctuations in vigilance. However, the interaction between this ultradian rhythm and the circadian or semicircadian cycles remains to be elucidated.
CONCLUSION
The results of the present study suggest the existence of a central arousal process re¯ected in the waking EEG high frequencies (. 22.5 Hz) with a maximal expression at the frontal location. The activity of this process decreases temporarily at the time of the so-called`post-lunch dip' in vigilance and oscillates rhythmically according to a 3±4 h periodicity. This ultradian activating system varies independently from the sleep drive and may well in¯uence the sleepiness/alertness pro®le throughout the 24 h sleep± wake cycle, thus providing a signi®cant value for models of vigilance regulation.
